Damage of the heart muscle's tissue is irreversible due to the inability of adult cardiomyocytes to proliferate. Biological grafts like vascularized bowel segments are a novel approach to overcome these limitations. We found cardiac muscle cells within the heterotopically used gastric tissue in previous studies [1] . This may indicate an in vivo remodeling process. Unfortunately, early after transplantation the biological tissue does not exhibit sufficient mechanical strength to withstand high systolic pressures in the left ventricle (up to 240 mm Hg). Therefore, a stabilizing structure based on the bioresorbable magnesium alloys is needed for the support of the tissue until its physiologic remodeling. It is hypothesized that preformed structures adapted to the specific geometry of the targeted myocardial area are less likely to fracture during implantation or shortly after. In order to preform the structure, common areas of lesioned myocardium after infarction have been characterized by magnetic resonance imaging (MRI). Hereafter, the plane structures could be virtually preformed and the expected stresses were simulated with the finite elements method (FEM). This allows reduction of costs and time for developing new structures. Subsequently, structures of the magnesium alloys LA63 and ZEK100 were manufactured by abrasive water injection jet cutting (AWIJ), and preformed on the basis of the MRI data. Finally, the performance of preformed and non-preformed structures of different alloys was tested in an in-vitro testing rig.
Introduction
Major loss of cardiomycytes often results in congestive heart failure [2] . There is a highly positive correlation between the heart`s geometry and the achieved blood pressure. The human hearthas an ellipsoid-like left ventricle while this is almost cylindrical in giraffes [3] . Pathological remodelling of the left ventricle in patients with chronic heart failure leads to deterioration of the ellipsoid geometry [4] . Therefore, one of the main aims of reconstruction of lesioned ventricle is to achieve a physiologic geometry. Since the early 1980ies the surgical method of Dor has become a standard therapy [5, 6 ]. Dor's technique reduces the volume of the dilated ventricle, but does not restore an ellipsoid geometry [7] . Several biological tissues of different origin have been utilized clinically and experimentally to reconstruct lesioned heart tissue in the past years [10] . A major limitation of using biological patch material is the lack of vascularization and thus lack of cardiomyocyte ingrowth into these patches. We showed feasibility of using autologous vascularized small intestine mucosa to substitute damaged right ventricular heart tissue in a swine model before [1] . Detection of cardiac muscle cells within the heterotopically used tissue may indicate an in vivo remodeling process. However, early after transplantation the tissue does not exhibit sufficient mechanical strength to withstand high systolic pressures up to 240 mm Hg in the left ventricle. Therefore, a stabilizing structure based on the bioresorbable magnesium alloys could support the initially fragile tissue until its physiologic remodeling. Without preforming the stress by bending the structures during implantation or because of the hearts contractility could cause early failure. It is hypothesized that preformed structures adapted to the specific geometry of the targeted myocardial area are less likely to fracture during implantation or shortly after. In this study the manufacturing of a preformed stabilizing structure based on the bio resorbable magnesium alloys LA63 and ZEK100 is introduced.
Materials and Methods
First of all the left ventricle's geometry is being explored using cardiac MRI data. Hereafter, stresses to the struc-tures were simulated with FEM. After the simulation the structures were manufactured by abrasive water injection jet cutting (AWIJ) and preformed according to the MRI data. Subsequently, the structures were heat treated in order to reduce residual stress generated by the preforming process. Finally the preformed and non-preformed structures of different alloys were tested in a custom testing rig.
Measurement of the heart curvature
28 patients (15 men and 13 women, average age of 57,6 ± 15,4 years, average weight of 71,3 ± 17,3 kg) were analyzed with MRI standard midventricular vertical long axis steady-state free precession (SSFP) gradient echo sequence (TrueFISP) and standard short axis cine SSFP stacks. MRI was performed on a 1.5 tesla scanner (Siemens MagnetomAvanto). The imaging parameters were: TR 43 ms, TE 1.2 ms, flip angle 56 degree, aquisition matrix 256x224, slice thickness 8 mm.
The geometry of the patch position on the left ventricle was analyzed by the vertical long axis and the short axis view. Maximum systolic and diastolic curvature changes in short axis and vertical long axis views were chosen for further investigation.
end diastolic end systolic
Image 1 radii measurement of the left ventricle
Radii of circular segments of the left ventricle during diastolic and systolic phases were recorded in both views. Finally, arithmetic mean values of the radii were calculated (Image 1).
FEM-analysis
The flat and preformed stabilizing structures were simulated with the commercial finite element package Abaqus/CAE (Dassault Systems Simulia Corp., RI, USA). The mesh based on linear hexahedral elements with incompatible mode (C3D8I). A global seed size of 0.3 mm and eight elements in thickness resulted in a total of about 78,000 elements. Fixed degrees of freedom were set as boundary condition at one node in point A and B in xdirection, respectively, and at one node in point C in ydirection (Image 2).
Image 2 stabilizing structure with positions of boundary conditions
To simulate apreformed stabilizing structure, the mesh from the first simulation in 'preformed' shape was exported as orphan mesh, containing no history data. Therefore, it is stress free, comparable to a real structure after heat treatment. Both simulations calculated with vonMises stresses and the equivalent plastic strains (PEEQ) were compared.
Abrasive water injector jet cutting
The flat and preformed stabilizing structure was designed according to Bach et al. [8] (Image 2). The magnesium alloys LA63 and ZEK100 were extruded with a thickness of 1 mm and the structures were shaped by the AWIJ according to Biskup et al. [9] . For the manufacturing a Flow 20XW Waternife high pressure pump with a maximum operating pressure of 400 MPa and a maximum water flow rate of 7,8 l/m was used. The cutting table consisted of a catcher and a controlled X/Y axis in combination with a manual Z axis. The cutting parameters were: Water orifice diameter 0.17 mm, focusing tube diameter 0.6 mm, abrasive particle Garnet Mesh 120 and abrasive mass flow rate 150 g/min. Adapted to these parameters twelve structures of both alloys (Group A: LA63, Group B: ZEK100) were manufactured.
Preforming process
Adapted to the MRI and the FEM simulation a casting die was designed and produced. Half the structures in each group were preformed. Afterwards, the preformed structures were heat treated for 16 hours at 205°C in order to remove inner stress caused by the forming process.
In-vitro test of structures
The longterm performance of the flat (n=6) and preformed (n=6) structures was assessed in a custom testing rig (Image 3).
Image 3 dynamic testing rig for stabilizing structure The magnesium structure is fixed on a circular membrane that is being deflected pneumatically with a frequency of 1 Hz and has a distension corrensponding to the MRI curves of the left ventricle in both sections. The structures are constantly rinsed by a simulated body fluid (SBF, pH=7,5). The SBF causes degradation of the magnesium structures as it would happen in the human body. The experiment is being observed by the camera C905 (Logitech Europe S.A., Switzerland), which took a picture every 500 cycles. This made it possible to document the moment and the position of fractures.
Results

Measurement of the heart curvature
The average geometry of the ventricle's curvature at the chosen position of 28 MRI data is listed in Table 1 .
MRI view end diastolic end systolic vertical long axis view
49,7± 3,03 mm 45,8 ± 3,56 mm short axis plane 25,1± 1,54 mm 21,3 ± 1,69mm Table 1 average radius of the heart's curvature
FEM-analysis
The stress report showed calculated stresses in the preformed structures of both groups (LA64+ZEK100) are considerably lower than in the flat structures (Image 4).
Image 4 flat (left) and preformed stabilizing structure (right) with end systolic load (von-Mises stresses). Especially the stresses in the curves (red signed) were lower in the preformed structures than in the flat ones.
In-vitro test of structures
The in-vitro experiments confirm the results of the FEManalysis. In both groups failure of the flat structures occurred earlier than failure of the preformed ones. The results are listed in Table 2 . Table 2 in-vitro cycles until failure of structure There was no significant difference between the number of load cycles applied to the flat structures of alloy ZEK100 and the preformed structures of LA63. Even 510% more load cycles could have been applied to the preformed ZEK100 structures compared to the flat LA63 structures.
Conclusions
In the 1980ies Dor et al. [11, 12] introduced surgical reconstruction of dilated left ventricle in heart failure patients. This technique was further optimized by different groups to improve reconstruction of the physiological ellipsoid geometry of the heart which is essential to achieve efficient contractility [13] [14] [15] [16] [17] . Almost all approaches utilize patches of Dacron even though this synthetic material does not actively contribute to the pumping performance of the heart. Autologous vascularized patches have the potential of remodeling and tissue re-differentiation [1] . Magnesium structures could support these viable patches to overcome their mechanical instability in early stages following implantation. Nevertheless, theses structures need to be designed to keep up their function as long as possible while simultaneously degrade after the biological patch has physiologically remodeled. This development can be optimized and accelerated by using cardiac MRI data in combination with FEM simulation. Thus time-consuming and costly in vitro or even in vivo tests can be considerably reduced. A positive correlation between FEM simulation results and in vitro tests was shown in this study and allows for further optimization of the structure design. Preformed structures of the magnesium alloy ZEK100 are about to be investigated in upcoming in vivo experiments.
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